A theoretical study, involving the calculation of reaction enthalpies and activation energies, mechanisms and rate coefficients, has been made of the reaction of hydroxyl radicals with methyl nitrate, an important process for methyl nitrate removal in the earth's atmosphere.
Introduction
Alkyl nitrates act as temporary reservoirs of nitrogen oxide radicals in the lower atmosphere (the troposphere) as they have relatively long atmospheric lifetimes, of the order of days to weeks 1, 2 . This enables them to undergo long-range transport to remote areas where they can release NO x (defined here as NO + NO 2 + NO 3 ) that can give rise to ozone formation. As a result, alkyl nitrates play an important role in contributing to the concentration of O 3 in the troposphere. Methyl nitrate (CH 3 ONO 2 ) and ethyl nitrate (C 2 H 5 ONO 2 ) are present in the troposphere mainly from marine emissions [3] [4] [5] [6] whereas larger alkyl nitrates are predominantly produced through atmospheric oxidation of hydrocarbons in the presence of NO x (e.g. in urban or polluted areas) [1] [2] [3] [4] [5] [6] [7] . CH 3 ONO 2 and C 2 H 5 ONO 2 account for 20-40% of the light (C n  5) alkyl nitrates in the troposphere with concentrations of 1-43 pptv and 1-50 pptv respectively having been measured 3, 6, 8 . For the heavier alkyl nitrates, with 4 or more carbon atoms, the association reaction of NO with RO 2 becomes a significant alkyl nitrate source i.e. RO 2 + NO + M  RONO 2 + M (M is a third body), whereas for C n  4 the major product channel from the RO 2 + NO reaction is RO + NO 2 .
A number of recent regional and global model studies have demonstrated that key kinetic and photolytic parameters for alkyl nitrates are missing, preventing chemical models from describing their atmospheric oxidation chemistry adequately and hence obtaining their atmospheric lifetimes (9, 10) . These parameters include their loss rate via reaction with OH and O 3 , and whether NO x is released in these reactions. Also, how much NO x (photochemically reactive nitrogen oxide) and how much HNO 3 (photochemically nonreactive nitrogen oxide) are eventually formed from organic nitrate reactions is important in understanding the contribution of alkyl nitrates to the oxidizing capacity of the troposphere 8 .
In a recent study of the mechanism of the atmospherically relevant reaction of chlorine atoms with methyl nitrate and calculation of the rate coefficient of this reaction at temperatures relevant to the troposphere 11 , we noted that the lifetime of methyl nitrate in the troposphere is determined by loss through photolysis, reaction with OH and reaction with Cl atoms. This is because methyl nitrate is thermally stable in the troposphere in the temperature range 200-300 K and heterogeneous removal is slow because its solubility in and reactivity with water is low. The photolysis rate of CH 3 ONO 2 in the atmosphere has been determined on a number of occasions 12, 13 and the rate coefficient (k) of the Cl + CH 3 ONO 2 reaction is now reliably known in the temperature range 200-300 K 11 . However, the rate coefficient of the OH + 4 CH 3 ONO 2 reaction in this temperature range is not well established. Available experimental rate coefficients at 298 K occur in two groups which differ by an order of magnitude, a lower group at ~3x10 -14 cm 3 molecule -1 s -1 14-17 and a higher group at ~3x10 -13 cm 3 molecule -1 s -1 18,19 . There is also uncertainty over the temperature dependence of this rate coefficient.
Nielsen et al. 18 report a value of (3.2  0.5) x 10 -13 cm 3 molecule -1 s -1 at 298 K and a negative temperature dependence of k in the region 298-393 K, whereas Shallcross et al. 15 and Talukdar et al. 14 report 298 K values of (2.33  0.14) x 10 -14 cm 3 molecule -1 s -1 and (4.7  1.0) x 10 -14 cm 3 molecule -1 s -1 respectively and a positive temperature dependence in the region 220-420 K. Also, Talukdar et al. 14 suggest that the OH + CH 3 ONO 2 reaction proceeds via H abstraction, based on the fact that the measured rate coefficient was independent of gas composition, the observed trend of rate coefficients as the size of the alkyl group is increased and the large observed primary kinetic isotope effect (as seen in the ratio of the k's measured for OH + CH 3 ONO 2 vs OH + CD 3 ONO 2 ). However, the mechanism of the reaction is not well established
In this work, the following reaction channels were considered H abstraction: OH + CH 3 CH 3 ONO 2 has a C s structure with the methyl group staggered with respect to the cis oxygen of the NO 2 group 20 . The methyl V 3 rotational barrier is 811 cm -1 . In the CH 3 group, one hydrogen atom is in the plane of the heavy atoms, trans to the O-N bond of the C-O-N unit, while the other two hydrogen atoms lie above and below the plane respectively.
The aim of this work is to use state-of-the-art wavefunction and DFT methods to investigate the reaction mechanisms of these OH + CH 3 Theoretical considerations and computational details 6 UCCSD(T*)-F12b/CBS1//M06-2X/6-31+G**, UCCSD(T*)-F12a/CBS2//M06-2X/6-31+G** and UCCSD(T*)-F12b/CBS2//M06-2X/6-31+G** relative electronic energies, labelled as UCCSD(T*)-F12ave/CBSave//M06-2X, are considered to be the best theoretical estimates in the present study. The choice of the average value as the best theoretical estimate is mainly because the values obtained by the various extrapolation schemes described above are very close to each other (vide infra).
In the 2 
Rate coefficient calculations
Reaction rate coefficients were computed for the H abstraction channel {channel (1)} at various TST levels in single-level and improved single-level direct dynamics calculations at temperatures in the region 200-400 K using the POLYRATE 2010-A program 41 . The rate coefficients obtained correspond to rate coefficients obtained in the high pressure limit. As the computed barrier heights of channels (2), (3) and (4) are considerably higher than that of channel (1), only channel (1) was considered in the rate coefficient calculations. In addition, for channel (1), the computed energies of TS 1b and TS 1c relative to the reactants are higher than that of TS 1a by ca. 2-3 kcal mol -1 and therefore it is expected that TS 1a would contribute 7 the most to the total rate coefficient of channel (1) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 8
Results and discussion

Ab initio and DFT results
From the results of the ab initio and DFT calculations, channels (2), (3) and (4) were found to have considerably higher barrier heights (> 20 kcal mol -1 ) than channel (1) . As a result, channel (1) is the dominant pathway of the OH + CH 3 ONO 2 reaction and will be considered, after channels (2), (3) and (4) have been discussed. The contributions of channels 
NO 2 formation: OH + CH 3 ONO 2 → CH 3 OOH + NO 2 ---Channel (2)
The geometry of the TS in channel (2), TS 2 , optimized at the M06-2X/6-31+G** level is shown in Figure 1 . The geometry of the TS in channel (3), TS 3 , optimized at the M06-2X/6-31+G** level is shown in Figure 1 . (3) is exothermic, the large reaction barrier height of 37.09 kcal mol -1 means that this reaction will only make an extremely small contribution to the overall OH + CH 3 ONO 2 rate coefficient. As a result, channel (3) was also not considered in the rate coefficient calculations (more detail is given in the Supplementary Information section SI3).
HNO 3 formation: OH + CH 3 ONO 2 → CH 3 O + HNO 3 ---Channel (4)
The reaction leading to HNO 3 formation can take place through a concerted mechanism, in which the reactants proceed to the products via a transition state, or through a stepwise mechanism involving adduct formation (see equation 4). Both pathways are calculated to have high activation energies ( > 28 kcal.mol -1 ) and therefore this channel is not expected to contribute to the overall reaction rate coefficient (more detail is given in the Supplementary Information section SI4).
H abstraction: OH + CH 3 ONO 2 → H 2 O + CH 2 ONO 2 ---Channel (1)
In channel (1), a H atom of the methyl group of CH 3 ONO 2 is abstracted by the OH 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 11 31+G** level are shown in Figure 2 . In the seven-membered ring RC 1a , there is an interaction 
Rate coefficients of the OH + CH 3 ONO 2 → H 2 O + CH 2 ONO 2 channel
Computed rate coefficients at the M06-2X single level
The reaction paths, including the V MEP , ΔZPE and V a G curves, obtained at the M06- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 12 that all the k 1a computed rate coefficients have been multiplied by two to account for the two possible C-H out-of-plane H abstraction sites, which are equivalent. The higher sets of experimental values from Nielsen et al. 18 and Kerr et al. 19 are not shown in the upper part of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   13 spin-orbit splitting which would increase them both by 0.20 kcal.mol -1 ).The HL V MEP and V a G curves are shown in the lower half of Figure 4 . These were obtained using HL energies of the reactants, RC 1a , TS 1a , PC 1a and products, as well as extra HL IRC points calculated by the expression devised by us previously (equation (5) Information (SI)). The total rate coefficient has been obtained from k total = 2k 1a + 2k 1b + k 1c , as there are two hydrogen atoms in CH 3 ONO 2 that could be removed in channels 1a and 1b (the out-of-plane H atoms), but only one that could be removed in channel 1c (the in-plane H atom). This figure shows that k 1a is the main contribution to the overall rate coefficient in the temperature range 200-300K, with k 1b also becoming significant above 300 K. k 1c is significantly lower than k 1a by at least an order of magnitude at all temperatures considered, and hence its contribution to k(total) is very small. As can be seen from Figure 7 , k 1b becomes comparable with k 1a at temperatures higher than 280 K, and k 1b becomes higher than k 1a at temperatures greater than 334K (1000/T = 2.99 K -1 ) . This is somewhat surprising as channel 1b has a higher barrier than channel 1a (E e ‡ values 4.22 (1a) and 5.72 (1b) kcal.mol -1 respectively). This arises because the entropy term (S ‡ ) in the rate coefficient (S ‡ is negative in both cases) makes a larger contribution to k 1b than k 1a in the temperature range 340-400 K, such that G ‡ is more positive for channel 1a than 1b in the temperature range 340-400 K, whereas G ‡ is less positive for channel 1a than 1b in the temperature range 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 Table 8 ; the k ICVT/SCT values are shown in column 3). In order to obtain an improved match between theory and experiment, calculations were carried out with reduced barrier heights for channels 1(a), 1(b) and 1(c Figure 8 ). To increase the computed k ICVT/SCT 300 K value to agree with the higher value of Nielsen 18 , requires a reduction in barrier heights ΔE e ‡ of at least 3.5 kcal.mol -1 .
With such a reduction a positive temperature dependence of k ICVT/SCT is still computed, not a negative temperaure dependence as observed by Nielsen 18 . Also, a reduction of ΔE e ‡ of 3.5
kcal.mol -1 is larger than we have had to apply to calculations at the same level on related reactions 49, 56 to give acceptable agreement with experimental values. Therefore, considering all the evidence it is concluded that the lower set of experimental rate coefficients, with a positive temperature dependence, are to be preferred. As has been noted previously 49.56 , the main reason for the difference between the experimental and computed rate coefficients is because the equilibrium geometries and vibrational frequencies of the stationary points on the reaction surface, and the entropy term used in the calculation of the rate coefficient come from the lower level calculations (M06-2X/6-31+G** in this case) whereas the higher level calculations give the enthalpy term used in the calculation of the rate coefficient. This is discussed further in the Concluding Remarks. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 15
Atmospheric Implications
Both the M06-2X/6-31+G** single level and UCCSD(T*)F12ave/CBSave//M06-2X/6-31+G** improved single level electronic structure / rate coefficient calculations performed in this work favour the lower set of experimental rate coefficients 14-17 over the higher group 18, 19 . They also support the positive temperature dependence of the rate coefficient in the temperature range 200-400 K observed in the work of refs (14) and (15) rather than the negative temperature dependence observed in ref. hydrogen bonding is obviously not possible and the transition state structure is similar to that shown for TS 1b and TS 1c in Figure 1 .
As was noted in the Introduction, the lifetime of methyl nitrate in the troposphere is controlled by photolysis, reaction with Cl atoms and reaction with OH. The photolysis lifetime of methyl nitrate in the troposphere (0-15 km above ground level) has been determined to be in the region of 1-5 days 1, 12, 13 . In the troposphere the temperature typically drops from 288 K at ground level to 216 K at 15 km, and hence the rate coefficients shown in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   16 the range 200-300 K. The 298 K rate coefficient of ref. (14) is in the lower group. Also, the rate coefficients determined by these authors in the higher temperature region 300-423 K agree reasonably well with previously determined values in this temperature range by Shallcross et al. 15 . The experimental rate coefficients of Talukdar et al. 14 
Concluding remarks
The reaction mechanism of the OH + CH 3 ONO 3 reaction has been investigated by carrying out ab initio/DFT calculations on four possible reaction channels:-hydrogen atom abstraction, NO 2 production, NO 3 production and HNO 3 production. All reaction channels are exothermic but the H abstraction channel has a much lower activation energy compared with the other channels. This means that the H abstraction channel will have the highest rate coefficients and is therefore kinetically the most important while NO 2 , NO 3 and HNO 3 formation will be minor. The H abstraction channel was found to proceed via three possible pathways involving transition states TS 1a , TS 1b and TS 1c (see Figure 1-3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 17 k total is less than the lower group of experimental rate coefficients favours the lower experimental rate coefficients over the higher group. The relative importance of the methyl nitrate loss processes (photolysis, reaction with OH and reaction with Cl atoms) in the troposphere is discussed and the methyl nitrate lifetimes with respect to these processes is shown to be in the order Photolysis < OH reaction < Cl reaction .
In summary, the rate coefficients computed at the highest level favour the lower set of experimental rate coefficients, which show a positive temperature dependence. However, the computed lower level (M06-2X/6-31+G**) rate coefficients agree better with these experimental values than the rate coefficients computed at the higher level (UCCSD(T*)F12ave/CBSave//M06-2X/6-31+G** ). This type of discrepancy has been noted before 59 . At present, with wavefunction methods, one can carry out systematic improvements in the computation of relative electronic barriers, with the geometries of the reactants, RC, TS, PC and products obtained at a lower level (M06-2X/6-31+G** in this case). In this connection, there is little more that we can do to improve the enthalpy of activation as UCCSD(T*)-F12-CBS is at present at the state-of-the-art level. (It should also be noted that it is inappropriate to compare computed activation energies with experimentally derived activation energies; see our previous work 11, 49, 56 ). Regarding geometrical structures and vibrational frequencies, a method with analytical first and second derivatives is required. We have previously shown that using different functionals for the lower level, for geometries and frequencies, with the same higher level barrier height can lead to computed rate coefficients which differ by one order of magnitude as the entropic contribution to the free energy of activation will be different with different functionals 11, 49, 56 . In summary, one should bear in mind that the uncertainties associated with the entropic and/or enthalpic contributions can lead to computed uncertainties in the computed rate coefficients. Further theoretical and experimental investigations are required to bring theory closer to experiment for this reaction, with the evidence from the present work clearly favouring the lower set of experimental rate coefficients. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page 21 of 45
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 40 Figure 6 . Rate coefficients (k; in cm 3 molecule -1 s -1 ) computed at different VTST levels for the OH + CH 3 ONO 2 → H 2 O + CH 2 ONO 2 reaction (reaction 1(a)) with the HL F12ave/CBSave//M06-2X/6-31+G** IRC in the temperature range between 200 K and 400 K (computed k values have been multiplied by two to account for two H abstraction sites with hydrogen bond).
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